The magnitude of benefit is variable for advanced non-small cell lung cancer (NSCLC) patients receiving platinum-based chemotherapy. The purpose of this study is to determine whether genetic variations in the transforming growth factor-beta (TGF-b) pathway are associated with clinical outcomes in NSCLC patients receiving first-line platinum-based chemotherapy. Five hundred and ninety-eight advanced-stage NSCLC patients who received first-line platinum-based chemotherapy with or without radiotherapy were recruited at the MD Anderson Cancer Center between 1995 and 2007. DNA from blood was genotyped for 227 single nucleotide polymorphisms (SNPs) in 23 TGF-b pathwayrelated genes to evaluate their associations with overall survival. In individual SNP analysis, 22 variants were significantly associated with overall survival, of which the strongest associations were found for BMP2:rs235756 [hazard ratio (HR) 5 1.45; 95% confidence interval (CI), 1.11-1.90] and SMAD3:rs4776342 (HR 5 1.25; 95% CI, 1.06-1.47). Fifteen and 18 genetic loci displayed treatment-specific associations for chemotherapy and chemoradiation, respectively, identifying a majority of the cases who would be predicted to respond favorably to a specific treatment regimen. BMP2:rs235753 and a haplotype in SMAD3 were associated with overall survival for both treatment modalities. Cumulative effect analysis showed that multiple risk genotypes had a significant dose-dependent effect on overall survival (P trend 5 2.44 x 10 215 ). Survival tree analysis identified subgroups of patients with dramatically different median survival times of 45.39 versus 13.55 months and 18.02 versus 5.89 months for high-and low-risk populations when treated with chemoradiation and chemotherapy, respectively. These results suggest that genetic variations in the TGF-b pathway are potential predictors of overall survival in NSCLC patients treated with platinum-based chemotherapy with or without radiation.
Introduction
Lung cancer is the leading cause of cancer-related death worldwide and non-small cell lung cancer (NSCLC) accounts for $85% of all lung cancer. Approximately 65-75% of patients with NSCLC have unresectable advanced or metastatic disease at the time of diagnosis (1) . Currently, the standard therapy for patients with advanced-stage disease is platinum-based chemotherapy, and patients with locally advanced disease are generally treated with a combination radiation therapy plus platinum-based chemotherapy (2) . However, the overall response rate for platinum-based therapy is only in the range of 17-32% (3) , and the median survival continues to be dismal at 7-9 months (4). Some patients derive no or little apparent benefit, some others have modest prolongation of survival, whereas still others will survive !2 years. It would be helpful to be able to predict which patients are most and least probable to benefit, so that those who are unlikely to benefit could be spared toxicity of the platinum chemotherapy.
The transforming growth factor-beta (TGF-b) pathway has important roles in cellular proliferation, angiogenesis, differentiation, migration, apoptosis and epithelial-mesenchymal transition via interactions with SMAD (5) and via cross talk with other signaling pathways such as extracellular signal-regulated kinase, c-jun N-terminal kinase, PI3K/AKT and Rho-like guanosine triphosphatases (6) . Despite the prominent role, TGF-b pathway appears to play in regulating multiple cellular processes, there have not been many studies published regarding genetic polymorphisms in this pathway. It has been reported that the TGF-b receptor 1 variant rs11466445 (TGFBR1 Ã 6A) was associated with an increased risk for several cancers (7-9), but not for lung cancer (10) . The published study of TGF-b pathway polymorphisms on cancer outcome indicted that rs868 located in the 3#-untranslated region of TGFBR1 was an independent predictor of bladder cancer mortality (11) . To our knowledge, no genetic polymorphisms in the TGF-b pathway have been reported to be associated with response to chemotherapy. However, previous studies have demonstrated that TGF-b enhances the lethal effects of DNA-damaging agents in human lung cancer lines (12) . Moreover, non-SMAD pathways, such as PI3K/AKT, play a key role in the development of resistance to platinum (13) , and activation of PI3K/AKT is able to inhibit TGF-b mediated apoptosis (14) . The possible mechanism underlying these observations is that a wide range of cytotoxic drugs, including cisplatin and carboplatin, regardless of their distinct mechanisms of action, directly and indirectly kill susceptible cells by inducing apoptosis (15) . Therefore, it stands to reason that decreased ability to activate apoptotic machinery might play a role in the development of resistance to chemotherapeutic agents (16) . Given the role of the TGF-b pathway in such essential cellular processes, it is conceivable that genetic variations within TGF-b pathway genes could emerge as potential predictors of chemotherapy efficacy.
The purpose of our study was to determine whether genetic variations in the TGF-b pathway are associated with survival in NSCLC patients, who have undergone platinum-based chemotherapy or chemoradiation and to identify subgroups who would be more probably to have favorable clinical outcome from specific treatment regimens.
Materials and methods

Study population and data collection
The study was based on 598 newly diagnosed, histologically confirmed NSCLC patients at the University of Texas MD Anderson Cancer Center. None of the patients had undergone chemotherapy or radiotherapy prior to study enrollment. To minimize heterogeneity in the study population, we limited our analysis to patients who had unresectable stage IIIA-IV disease and who had received first-line platinum-based chemotherapy at MD Anderson. All study participants provided signed informed consent and completed a 45 min inperson interview by trained M.D. Anderson staff interviewers. This interview collected epidemiological data, which included demographics, smoking history, alcohol consumption, family history of cancer, medical history and occupational exposures. After each interview, a 40 ml peripheral blood sample was drawn into coded and heparinized tubes for subsequent analysis. Clinical and follow-up information, such as vital status, treatment regimens, stage and pretreatment performance status (PS), was obtained from the patients' medical records. Study approval was obtained from the MD Anderson Institutional Review Board.
Polymorphism selection and genotyping
In this study, a total of 227 SNPs in 23 candidate genes were selected based on the following criteria (supplementary Table 1 (17) .
Genomic DNA was extracted from peripheral blood lymphocytes and stored at À80°C until use. Among 227 SNPs, 221SNPs were genotyped using Illumina's iSelect custom genotyping platform according to manufacturer's protocol (Illumina, San Diego, CA). Genotypes were called using the Illumina BeadStudio software. Any single nucleotide polymorphisms (SNPs) with a call rate ,95% was excluded from further analysis. The mean call rate for this study was 99.9%. Six SNPs (rs868, rs334354, rs928180, rs4522809, rs2228048 and rs3087465) were genotyped using TaqMan assay (21) .
Statistical analysis
The endpoint of the study was overall survival, which was calculated from pathologic diagnosis to death regardless of the cause. Statistic analyses were performed using STATA software (STATA Corporation, College Station, TX). The v 2 test or Fisher's exact test was used to compare clinical characteristics with vital status. Cox's proportional hazards model was used to estimate hazard ratios (HRs) and their 95% confidence intervals (CIs) for the multivariate survival analyses, adjusting for age, sex, ethnicity, smoking status, clinical stage, pretreatment PS and therapy modality. The genotype affect on patients' overall survival was analyzed using Kaplan-Meier curves and log-rank tests. The Haploview program was applied to estimate pairwise LD between markers and to partition haplotype blocks (22) . Haplotype frequencies were inferred using the expectation-maximization algorithm implemented in the HelixTree program (Golden Helix, Bozeman, MT). The combined effects of unfavorable genotypes analysis included those SNPs showing statistical significance in the main analysis (P , 0.05). Patients were then categorized into low-risk, medium-risk and high-risk groups based on the tertile distribution of the number of unfavorable genotypes. Higher order gene-gene interactions were evaluated using survival tree analysis implemented in the STREE program (http://masal.med.yale.edu/stree/), which uses recursive partitioning to identify subgroups of individuals with similar risk. Bootstrap resampling was performed 100 times to internally validate the results from our analyses (23) . All statistical analyses were two sided and P , 0.05 was considered statistically significant.
Results
Patient characteristics
As shown in Table I , 598 patients were enrolled in this study, including Caucasian (78.6%), African-American (15.9%) and other ethnicities (5.5%). At the time of analysis, 142 (23.7%) were still alive and 456 (76.3%) had died. There were no significant differences for those patients who were alive compared with those who had died with respect to age (P 5 0.88), ethnicity (P 5 0.94), smoking status (P 5 0.86) and weight loss at the time of diagnosis (P 5 0.39). Using American Joint Committee on TNM-staging system, 82 (13.7%) were stage IIIA, 142 (23.7%) were stage IIIB without pleural effusion (dry), 39 (6.5%) were stage IIIB with pleural effusion (wet) and 335 (56.1%) were stage IV. Of these 598 patients, 243 (40.6%) received concurrent radiation with curative intent. All chemotherapeutic regimens were platinum based. Those alive at last follow-up were less probably to be stage IV (43.0 versus 60.1% for dead versus alive at last follow-up, P 5 0.0035), to have a PS of 2-4 (5.9 versus 15.9%, P 5 0.002) and to be male (43.0 versus 57.5%, P 5 0.002). Consistent with the literature (24, 25) , the comparisons of clinical variables based on gender, stage and PS were statistically significant, but we controlled for these variables in the subsequent multivariate analyses. Overall, the median survival time (MST) in this study was 12.9 months and median follow-up time was 11.8 months.
Individual SNPs and overall survival
The association of all SNPs with overall survival is summarized in supplementary Table 1 , available at Carcinogenesis Online. We identified 22 SNPs with a P , 0.05 and 2 SNPs with a P , 0.01. The association for 15 SNPs was further demonstrated by bootstrap resampling with strong statistical support (55-100% of 100 bootstrap resamplings at P , 0.05, Table II) .
BMP genetic variations
The most significant association in this study was BMP2:rs235756 in a recessive model, which was associated with an increased risk of dying among patients carrying the homozygous variant genotype (HR 5 1.45; 95% CI 1.11-1.90). These patients had a significantly shorter MST of 10.49 months compared with 13.62 months for those with the wild-type or heterozygous genotype (Log rank P 5 0.005, Figure 1a ). BMP4:rs17563 was the only nonsynonymous SNP (Val52Ala) that reached statistical significance in this study. Patients carrying variant allele had a significantly increased risk of dying in a dose-dependent manner (HR 5 1.15; 95% CI: 1.01-1.32), but the association was not strongly supported by bootstrap analysis. This increase in risk resulted in a decreased overall survival by nearly 3 months from 15.03 months for those with the wild-type genotype to 11.84 months for patients carrying the variantcontaining genotypes (Log rank P 5 0.016).
Genetic variations of TGF-b/activin/inhibin signaling A significantly increased risk was shown for patients with at least one variant TGFB1:rs4803455 allele (HR 5 1.31; 95% CI 1.04-1.65), whereas two SNPs exhibited significantly decreased risk of death: INHBC: Combined effects of unfavorable genotypes on overall survival Because abnormal TGF-b signaling can result in the activation of multiple downstream genes and 22 SNPs reached statistical significance in the main effect analysis, we therefore used combined analysis to evaluate whether multiple unfavorable genotypes in TGF-b pathway would have an additive effect on NSCLC survival. There was a significant dose-response trend of increased risk of dying and reduced overall survival time with increasing number of unfavorable genotypes ( Figure 2) . Compared with the low-risk group consisting of subjects with 0-12 unfavorable genotypes, the medium-risk group with 13-15 unfavorable genotypes had a 2.07-fold (95% CI 1.51-2.85) increased risk, whereas the high-risk group with 16-21 unfavorable genotypes was at a 3.45-fold (95% CI 2.49-4.77) increased risk (P trend 5 2.44 x 10 À15 ; Figure 2b ). The MSTs were 24.11, 14.70 and 9.87 months for patients in the low-, medium-and high-risk groups, respectively (log rank P 5 5.65 x 10 À10 ).
Effect of TGF-b genetic variation by treatment regimen
We also performed an exploratory analysis stratified by treatment modality (Table III) Haplotype analysis and treatment outcome Eight SMAD3 variant loci exhibited association with overall survival either in the total population or when stratified by treatment modality. Therefore, we addressed whether there were any specific haplotypes within SMAD3 associated with treatment outcome. All 49 SNPs in SMAD3 genotyped in this study were examined to identify eight haplotype blocks within the gene. Significant associations between haplotypes and overall survival were observed for haplotype block 5 of SMAD3, which contained rs4776343, rs11071938, rs694633 and Table 3 is available at Carcinogenesis Online).
Higher order gene-gene interactions and treatment outcome Given there were a large number of individual genetic loci associated with survival for patients who received either chemoradiotherapy or chemotherapy, we explored higher order gene-gene interactions to clarify whether complex interactions among these SNPs could determine the functional outcome (Figure 4a ). For patients treated with chemoradiation, survival tree analysis identified several higher order gene-gene interactions among BMP2:rs235753, SMAD4:rs7244227, SMAD6:rs4776318, SMAD6:rs12913975 and BMP2:rs235757. BMP2:rs235753 was identified as the initial split, suggesting its potential predictive role for chemoradiation outcome. The final tree structure identified six terminal nodes with significantly different overall survival times. The low-risk genetic profile group had an MST of 30.39 months (nodes 1). In comparison, the high-risk genetic profile group (HR 5 4.45; 95% CI 2.51-7.89) had an MST of 6.81 months (nodes 3 and 6) (Figure 4b ). For patients treated with chemotherapy, higher order gene-gene interactions were found among SMAD3:rs11632964, SMAD4:rs1787111 and SMAD3:rs6494633. SMAD3:rs11632964 were the primary split in tree structure. The lowrisk genetic profile group had an MST of 18.02 months (node 10), whereas the high-risk group (HR 5 4.03; 95% CI, 2.30-7.05) had an MST of 5.89 months and a (node 9) (Figure 4c ).
Discussion
In this study, we systematically evaluated genetic variations in TGF-b pathway as predictors of survival in advanced NSCLC. Previous studies have suggested that candidate SNPs and haplotypes in selected genes of TGF-b pathway were associated with the risk of developing lung cancer (26, 27) and acute lung injury in mice (28) . This is the first study to link TGF-b pathway SNPs with lung cancer survival.
In the main effect analysis, BMP2:rs235756 and SMAD3:rs4776342 showed strong association with NSCLC outcomes. The oncogenic activities of BMP signaling have been shown 
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to be involved in the development of several cancers and associated with poor prognosis (29, 30) . The mature active form of BMP2 was overexpressed in 98% of NSCLC samples and may be involved in promoting tumor growth, progression and angiogenesis (31) . BMP2:rs235756 is located in the flanking region of the BMP2 gene and has already been shown to alter normal BMP function. One study suggests that this variant can alter serum ferritin levels in hemochromatosis (32) . Other SNPs in BMP genes have also been shown to result in higher production of the gene product. One example is the non-synonymous BMP4 SNP rs17563, which was also associated with NSCLC survival in our results. This SNP has been related to higher plasma concentrations of BMP4 and increased transcriptional activity, which were shown to predispose individuals to the development malignant melanoma (33) . Thus, it is plausible that BMP2:rs235756 and BMP4:rs17563 may increase the production of BMP protein and favor a tumor promotion role of BMP signaling in cancer progression. Our study also suggests that SMAD3:rs4776342, or a functional SNP tagged by this locus, may inactivate SMAD3 resulting in restrained TGF-b signals, which is consistent with the finding that $85% of lung cancer cell lines become resistant to the growth inhibitory effect of TGF-b (34) . A single SNP often provides a modest or undetectable effect, whereas the amplified effects of combined SNPs in the same pathway may enhance predictive power. Because multiple deleterious variants with the TGF-b pathway may have a similar effect on overall survival, we analyzed the association with clinical outcomes in patients with increasing number of adverse genotypes. A clear and significant trend was evident for worsening outcomes with increasing number of unfavorable genotypes. These results suggest a cumulative influence by multiple genetic variants within the TGF-b-signaling pathway were able to further enhance the separation of patients based on clinical outcome.
In this study, multiple SMAD3 genotypes were associated with overall survival, including in treatment-specific analyses. Therefore, to understand the combinatory effect of multiple SMAD3 alleles functioning within a haplotype, we determined the LD structure of SMAD3. Haplotype 3 (H3) of SMAD3 in block 5 had consistent effect on variation in two clinical outcomes and also showed an adverse prognosis. These results suggest that haplotype-based analysis may be more informative in prediction of prognosis for NSCLC patients compared with single SNP analysis. Resequencing of DNA samples from individuals carrying the high-risk and low-risk survival haplotypes may be able to discriminate various prognostic subpopulations.
Epistasis is a ubiquitous component of the genetic architecture of common diseases. Complex interactions could determine the functional outcome over the independent main effects of any one susceptibility gene (35) . In order to evaluate the effects of TGF-b signaling variation on overall survival for patients receiving chemotherapy or chemoradiotherapy more clearly, we explored higher order gene-gene interactions using survival tree analysis. The discriminative ability of the analysis identified subgroups of patients with different risk levels based on combinations of genotypes. BMP2:rs235753 had the strongest influence on clinical outcome for the chemoradiation groups in this population as this locus was the primary split in survival tree structure. This observation seems to be consistent with our findings in stratified analysis (Table III) . SMAD3:rs11632964 was the initial split on the survival tree for the chemotherapy group. It is known that TGF-b signals are transduced through SMAD3 and in vivo studies have shown that blocking TGF-b signaling can result in resistance to DNA-damaging agents including cisplatin (36, 37) . Therefore, the effect of SMAD3:rs11632964 in our study is in agreement with SMAD3-SMAD4 controlled upregulation of Bim playing an important role in TGF-b -induced apoptosis (38) . It is important to point out that the statistical modeling of an interaction does not amount to a true biological interaction and caution should be paid when interpreting these results. It has been generally accepted that activated SMAD3 forms heterogenic complexes with SMAD4 through complementary MH2 domains (39) and a recent study has already demonstrated that BMP2 activates SMAD6 gene transcription through the bone-specific transcription factor Runx2 (40) . The biological plausibility of these results is intriguing, especially considering that the terminal nodes with different survival times, if further validated by the analysis for untreated control group, will assist in the identification of subgroups who will receive benefit from specific treatment modalities.
To gain better power and greater insight, we took a comprehensive approach to assess individual and collective effects of genetic variants in the TGF-b pathway on NSCLC clinical outcomes. The major strength of our study is the large population size from a single institution to minimize treatment heterogeneity. Furthermore, we have available to us comprehensive epidemiologic and clinical data for each of these patients. Although function is not known for all genotyped loci, our results have biological plausibility and warrant further study. Further research, including validation and functional studies, is needed to move this information into the clinic.
In conclusion, these results suggest that genetic variations in the TGF-b pathway modulate clinical outcomes in advanced NSCLC patients. We were able to identify subgroups of patients with differences in predicted survival when treated with chemotherapy with or without radiation.
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